Zn 1−x Mn x O (x = 0, 0.02, 0.06, 0.10, 0.15) nanopowders were synthesized by the sol-gel technique calcinated at low temperatures. By decreasing the grain size in ZnO, the solubility of magnetic impurity has been increased and no detectable secondary phases were observed even in the high Mn-doping samples. The phase formation, size and morphology of nanoparticles were investigated using X-ray diffraction and SEM observations. The samples were ferromagnetic and the Curie point was found in the range 150-170 K for Zn 0.94 Mn 0.06 O and 135-150 K for Zn 0.98 Mn 0.02 O. Optical characterization and the effect of doping were carried out by means of Fourier transform infrared (FTIR) spectroscopy. Kramers-Kronig analysis was employed to evaluate the optical constants of pure ZnO and ZnO:Mn nanopowders.
Introduction
Zinc oxide (ZnO) is a direct and wide band gap (3.34 eV) with a large exciton binding energy (60 meV) semiconductor. It crystallizes in the hexagonal structure with space group P63mc. Zinc oxide has acquired great interest for manufacturing optoelectronic devices such as UV photo detectors, 1 photodiodes, 2 and spin-coated zinc oxide transparent thin-film transistors. 3 In addition, ZnO has strong piezoelectricity effect. 4 The exchange interaction between d-orbital of transition metal (TM) and unfilled inner shell electrons of semiconductor (called s-d interaction) has been pointed out by Zener. 5 This interaction seems to be the only mechanism which can cause ferro-and antiferromagnetism. Consequently, TM-doped ZnO is one of the candidate for multifunctional devices with existing optical, magnetic, semiconducting, and other significant properties, simultaneously. These materials have resulted in diluted magnetic semiconductors (DMS) and have attracted much attention recently. In DMS materials, the transporting and various types of spin states can be controlled as a new function and are assumed to be ideal systems in the field of spinelectronics (spintronics) manipulating spin states in semiconductors. 6 The fabrication of epitaxial thin films oxide-DMS, Mn-doped ZnO, by pulsed-laser deposition technique was reported by Fukumura et al. 7 Dietl et al. 8 have predicted materials with T c exceeding room temperature ferromagnetism (RTFM) in TMdoped ZnO, an important step toward semiconductor electronics that uses both charge and spin.
Investigations on bulk and thin films have reported different results in existence or absence of RTFM in ZnO:Mn. For example, Sharma et al. 9 reported the ferromagnetism (FM) transition in bulk ZnO:Mn samples. In addition, RTFM has been observed in Zn 1−x Mn x O (x = 0.02, 0.05) bulk synthesized by the solid-state reaction and solgel routes. 10 Milivojević et al. 11 carried out the measurements for RTFM. The ferromagnetism and optical properties of Mn-doped ZnO bulk and thin films with low Mn concentration sintered in air and other gases have been carried out also by several researches. [12] [13] [14] [15] [16] [17] [18] [19] [20] On the contrary, Kolesnik and Dabrowski 21 have indicated the absence of RTFM in ZnO:Mn materials in which this is similar to the result of Lawes et al. 22 Other magnetic properties like antiferromagnetic and spinglass have been presented in bulk and thin films with different Mn concentration.
However, in recent years the synthesis of nanopowders of ZnO, MnO, and doping ZnO with TMs and in nanotechnology has occurred worldwide. For example, Wang et al. 23 have used solidstate heat decomposition at low temperature to produce ZnO nanoparticles with relatively high dispersivity. Kim and Park 24 have prepared nanosized zinc oxide powders via a thermal plasma process from microsized zinc powder employing oxygen as a reaction gas. The synthesis of manganese oxide nanoparticles (MnO and Mn 3 O 4 ) via aqueous sol-gel chemistry have been reported by Djerdj et al. 25, 26 The RTFM properties also have been observed in nanopowders of 0.25 Mn-doped ZnO synthesized by reverse micelle method. 27 However, antiferromagnetism in ZnO:Mn nanopowder prepared by combustion route 28 presented the highly magnetic sensibility to synthesis method. Despite the number of papers already published on the magnetic properties but the effect of Mn-doped, particle size and thermal regime on vibration mode of ZnO have rarely been studied. Doping ZnO with Co and Mn has also been reported in the literature. Clavel et al. 29 have reported a new solution phase synthesis leading to Co-and Mn-doped ZnO pure inorganic nanoparticles. Depending on the synthesis conditions cobalt doped particles are paramagnetic or ferromagnetic at room temperature. Djerdj et al. 30 have synthesized Co-and Mn-doped ZnO nanorods ferromagnetic with a Curie temperature exceeding room temperature.
Theoretical and experimental frequencies of the zone-center optical phonon modes in hexagonal ZnO have been calculated theoretically and measured experimentally by Wu et al. 31 and Arguello et al., 32 respectively. The result of Fourier transform infrared (FTIR) spectroscopy has presented an additional mode at wavenumber of 514 cm −1 related to Mn. 33 In this work, the synthesis of ZnO and ZnO:Mn nanopowders have been investigated via sol-gel technique. We report the effect of Mn concentration and calcinations temperatures on lattice parameters, secondary-phase formation, and magnetic permeability analysis. Despite the number of papers already published on the synthesis of ZnO powders, the optical properties of ZnO:Mn nanopowders have rarely been studied. Moreover, the optical characterization gives valuable information about the structural parameters of the powder. However, in this paper the optical properties are discussed and some optical constants of synthesized ZnO:Mn powders have been evaluated from Kramers-Kronig analysis using FTIR spectra data.
Experimental Procedures
The precursors for the synthesis of and acetic acid were added gradually to cations solution and stirred for 10 min. The molar ratio of DEA and acetic acid to Zn ions were kept at unity and twos, respectively. Apparently, no precipitates and particulates were visible. To obtain a homogeneous and stable sol, we refluxed the solution for 4 h at 110 • C. Moreover, placing the clear sol in 80 • C heat bath for 16 h resulted in acceptable gel. Afterwards, the prepared gel was dried at 140-150 • C directly on hotplate. The obtained blackish powder was ground and calcinated at different temperatures (400, 500, 600, 700, and 800 • C) for 2 h in air.
The ZnO and Mn-doped ZnO nanoparticles were characterized by X-ray diffractometer with CuK α radiation (λ = 1.54056Å) and phase identification and lattice parameters were extracted by CELEREF package and SEM provided a visual image. Also, the changes in the vibrational modes due to Mn-doping are recorded by analysis of FTIR spectra.
Results and Discussion

Phase analysis
The pattern of X-ray diffraction for Zn 1−x Mn x O powders with manganese concentration x = 0.02, 0.06, and 0.15 calcinated at 400 • C is shown in Fig. 1 . Similar to pure ZnO the single phase of hexagonal wurtzite crystal structure can be observed even in high order of Mn content (x = 0.15). In Fig. 1 all the expectable lines for wurtzite phase have been indexed. No impurity phase was observed in 0.06 Mn-doped even at high temperatures. These results indicated that this method is capable to achieve single-phase samples and the solubility of magnetic impurities in semiconductor has been increased on the contrary of finding out secondary phase in 0.05 doping nanopowder prepared by co-precipitation method in Ref. 34 . According to Straumal et al. 35 studies, Mn solubility in ZnO depends on particle and grain size. Much more Mn atoms tend to be accumulated in grain boundaries. Due to large area to volume ratio of nanoparticles, increasing Mn solubility with decreasing particle size is expected. 35, 36 The lattice constants of Zn 1−x Mn x O powders with manganese concentration x = 0, 0.02, 0.06, 0.10, 0.15 calcinated at 400 • C are summarized in Table 1 . Broadening the peaks with increasing Mndoping approved the reduction in crystalline size of samples. The average particle size using Scherrer equation was calculated to be 39.8 and 34.6 nm for x = 0.02 and 0.15 Mn-doped calcinated at 400 • C, respectively. The analysis of XRD data revealed that the lattice parameters a and c are increased linearly up to x = 0.1, as expected due to larger effective ionic radius of Mn +2 in comparison with Zn +2 . But the results of Zn 0.85 Mn 0.15 O lattice constants disagree with a report on bulk ZnO:Mn. 37 The effect of calcination temperatures on the secondary-phase formation for ZnO:Mn with 0.1 doping is shown in Fig. 2 . At temperatures of 400 • C and 500 • C, the samples are in single-phase wurtzite structure. With the increase of calcinating temperature from 500 • C to 800 • C, the secondary phases start to form. In Fig. 2(d) , we have indexed the impurity peaks belonging to Zn(Mn 2 )O 4 with tetragonal symmetry and space group I4/amd (lattice parameters are a = 5.7163Å and c = 9.2059Å). At a temperature of 800 • C, we identified another secondary phase in the sample Zn 0.9 Mn 0.1 O having cubic symmetry with space group Fd3m and lattice parameter a = 8.369Å. The foregoing results about impurity phase in cubic symmetry were found out similarly in ZnO:Mn with x = 0.02 and 0.05 prepared by co-precipitation method 33 and polycrystalline samples with x = 0.05 prepared by sol-gel route. 11 Furthermore, tetragonal phase was observed in bulk samples with 0.01 Mn-doping sintered in air at 900 • C. 37 In Fig. 3 , the existence of various secondary phases for Zn 0.9 Mn 0.1 O samples calcinated at temperature range 500-800 • C are shown. As calcinated temperatures starts to increase from 600 • C to 700 • C the cubic symmetry phase reduced and the tetragonal phase increases. At 800 • C this process acted vice versa. However, increasing calcinated temperature does not effect strongly on the width of XRD lines. As a result, the lattice parameters of 0.1 Mn-doped samples changed irregularly as shown in Fig. 4 .
The typical SEM image of the Zn 0.98 Mn 0.02 O calcinated at 400 • C prepared by sol-gel method is shown in Fig. 5 . The primary particle size was approximately 40 nm in diameter and is consistent with the result calculated from Scherrer's formula. 
Magnetic permeability analysis
Plotting magnetic permeability of Mn-doped samples versus temperature helped us to determine the Curie temperature and tested the homogeneity of samples. 39 Permeability is obtained by measuring the inductance of the sample in a coil on an impedance bridge at different temperatures. Sudden falling down of the permeability in the plot shows the Curie point. This apparatus was suggested by Cedillo et al. 40 for ferromagnetic oxides. The Mn-doped samples calcinated at 400 • C were mounted on a coil and placed in a heat inertia chamber. Samples were cooled by liquid nitrogen and warmed up gradually in a constant rate. The 
FTIR spectra
The FTIR spectra of Zn 1−x Mn x O are given in Fig. 7 . The mid-IR transmission spectra for Zn 0.9 Mn 0.1 O calcinated at 300 • C and 400 • C are shown in Fig. 7(a) . There are two broad absorption bands in sample (1) at wavenumber of about 1424 and 1596 cm −1 due to C=O stretching mode. On increasing the calcination temperature up to 400 • C and higher, this band disappeared. The other three peaks observed at about 2360, 2900, and 3400 cm −1 belong to vibrations of CO 2 , C-H, and O-H, respectively. 41 The FTIR spectrum indicates that the crystal starts to form at 300 • C and crystallization is completed by increasing calcination temperature results in organic decomposition. The effect of doping level in spectra, in the region 400-700 cm −1 , is explained in Fig. 7(b) . Zn-O stretching modes are clearly presented in ZnO nanopowder samples centered at about 442 cm −1 and a shoulder at 510 cm −1 in comparison with samples synthesized by polymerized complex method 42 and Wang et al. ' s results for the sample that was annealed at 500 • C. 43 Moreover, the shoulder is clearly blue shifted with increasing Mn content. Otherwise, Zn-O absorption peaks are sharpened in 0.02 Mn concentrations ( Fig. 7(b) ) in comparison with ZnO nanopowders.
Evaluation of the optical constants
We used Kramers-Kronig analysis to evaluate the optical constants of Zn 1−x Mn x O powders prepared by sol-gel method using FTIR spectra data.
Reflectance spectra
The results of experimental measured reflectance spectra of bulk and nanopowder ZnO are shown in Fig. 8(a) . The peak reflectance percentage is smaller for nanopowder ZnO in comparison with bulk sample. This may be due to the large surface area of bulk, the nanoparticles provide a reduction in free-electron concentration. Furthermore, Fig. 8 
Refractive index and extinction coefficient
If reflectance, R(ω), is generally recognized in all frequencies, the phase of reflectance wave, ϕ(ω), can be obtained by Kramers-Kronig's dispersion relation
The forgoing integral is precisely evaluated by Maclaurin's method. 46 Then the refractive index, n(ω), and extinction coefficient, k(ω), can be evaluated as follows 47 : Figure 9 shows the refractive index and extinction coefficient for Zn 1−x Mn x O. Increasing the high frequency refractive index in 0.15 Mn-doped ZnO is clearly observed due to sudden change in reflectance spectra.
Dielectric function
The dielectric function, ε(ω), in the IR region is controlled by contributions from phonons and free carriers. The complex index of refraction, n − ik, is defined by The real part of dielectric function related to bulk and nanopowders of ZnO samples are shown in Fig. 10(a) as function of wavenumber in the range of 400-700 cm −1 . The effect of particles size in broadening the ε 1 (ω) is clearly observed. We have plotted also the ε 1 (ω) for Zn 1−x Mn x O (x = 0.02, 0.06, 0.10) calcinated at 400 • C in Fig. 10(b) . The high-frequency dielectric constant, ε(∞), related to valence electrons contribution is easily illustrated by this method.
Phonon modes
Since phonon modes have resonant frequencies in infrared region, we can determine the two types of optical phonon modes called longitudinal (LO) and transverse (TO). The real part of the dielectric function can be written in the absence of damping in the simple form
where ω LO and ω TO are the optical phonon frequencies of LO and TO modes, ε(ω) is negative between ω LO and ω TO . 48 Consequently, the TO and LO mode can be determined by zeros of dielectric function. To obtain the static dielectric function, ε(0), we utilized the LyddaneSachs-Teller (LST) relation. Values of the latticedynamical parameters and real dielectric function for bulk ZnO and doped nanopowders are given in Table 2 .
Conclusions
We have presented a synthesis method to achieve single phase Mn-doped ZnO nanocrystals. The solubility of magnetic impurities has been increased and no impurity phase was observed in 0.06 Mndoped even at high temperatures. A secondary phase has been observed in 0.1 doped ZnO at calcinated temperatures above 500 • C. The results indicated that increasing the calcinated temperature did not affect the particle size strongly. of Mn increases the dielectric constant and the ratio of LO to TO mode frequency.
